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ABSTRACT
A setof formal systemdfor describingthe coordinatef solarimagedatais proposedThesesystemsbuild on currentpracticein applying
coordinateso solarimagedata.Both heliographicandheliocentriccoordinatesrediscussedA distinctionis alsodravn betweerheliocentric

andhelioprojectve coordinateswherethe lattertakesthe obserer's exactgeometryinto accountThe extensionof thesecoordinatesystemso
obsenrationsmadefrom non-terrestiaviewpointsis discussedsuchasfrom theupcomingSTEREOmission. A formalsystenfor incorporation

of thesecoordinatesnto FITS les, basedonthe FITS World CoordinateSystemjs describedtogethemwith examples.
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1. Intr oduction

Solar researchis becomingincreasinglymore sophisticated.
Advancesn solarinstrumentatiornave ledto increase spa-
tial resolution,andwill continueto do so. Futurespacemis-
sionswill view the Sunfrom di erentperspectresthanthe
currentview from ground-basedbsenatories,or satellitesin
Earthorbit. Both of theseadvancewill requiremorecarefulat-
tentionto the coordinatesystemausedfor solarimagedata.ln
fact, sometasteof this hasalreadyoccuredwith the Solarand
HeliosphericObsenatory (SOHO) satellite (Domingo et al.
1995),which views the Sunfrom theinner Lagrangepoint be-
tweenEarthandthe Sun.The Sunappearsapproximatelyl %
biggerfrom SOHOthanit doesfrom Earth,requiringadjust-
mentwheneer SOHO imagesare comparedwith datafrom
ground-basedbsenatories or satellitesin low Earthorbit.

Although there is widespreadagreementon the coordi-
natesystemso be usedfor interplanetaryspacgRussell1971;
Hapgoodl1992; Franz& Harper2002)no formal structureex-
istsfor solarimagecoordinatesexceptfor thewell-established
heliographic coordinate systems.In particular there is no
agreemenbn how thesecoordinatesshould appearin FITS
headerswith potentialconfusiorwhendatafrom oneobsena-
tory is comparedo datafrom anotherThis documenbutlines
thevariouspossiblecoordinatesystemsvhich maybe usedfor
solarimagedata,andto shav how thesecoordinatesystemse-
lateto theWorld CoordinateSystem(WCS)formalismusedin
FITS les. In devising the coordinatesystemsutlinedbelow,
attentionis givento currentpracticewithin the solarimaging
community

Normal coordinate systems used for extra-solar
obsenations—suchas right ascensionand declination, or
galactic longitude and latitude—only need to worry about

two spatial dimensions.The same can be said for normal
cartographyof a planetsuchas Earth. However, to properly
treatthe completerangeof solarphenomendayom theinterior
out into the corona,a completethree-dimensionatoordinate
systemis required. Unfortunately not all the information
necessaryo determinethe full three-dimensiongposition of

a solarfeatureis usually available. Therefore,in developing
coordinatesystemdor solardata,one musttake into account
thatoneof theaxesof the coordinatesystemmaybe missing.

Also, sincethe Sunis a gaseoudody, thereareno x ed
points of referenceon the Sun. What's more, di erentparts
of the Sunrotateat di erentrates.The rotation rate depends
notonly onlatitude,but alsoon how deeplythe magneticeld
linesof a givenfeatureareanchoredn the photosphereThus,
for example activeregionsfollow di erentdi erentialrotation
lawsthansmallerscalemagnetideaturesatthe samdatitudes.

For the above reasonsattentionwill be givento coordi-
natesystemswhich take the obsener's viewing geometryinto
considerationSomecoordinatesystemswill be rotatingwith
respectto othercoordinatesystemsandin all the coordinate
systemsat leastsomepart of the Sunwill be moving rela-
tiveto thatcoordinatesystemFor thosereasonsthecoordinate
systemshouldnot really be considereccompletewithout also
taking time into account.In the discussiorwhich follows, all
coordinatesvill assume givenobsenationtimet.

With solarimaginginstrumentatiomow plannedor space-
craftwhichwill operateatlargedistancesway from theEarth-
Sunline, suchasSTEREO(Socler etal. 1996),consideration
mustalsobe givenasto how the viewpoint of the instrument
shouldbetakeninto accountin the coordinatesystem.This is
discussedh Sec.9.1.
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1.1. Coordinate Systems within FITS les

Twodi erentstylesof includingcoordinatanformationwithin
FITS les will beconsiderechere.The rst is the coordinate
systenfromtheoriginal FITSspeci cation,while theseconds
the moremodernWorld CoordinateSystem.The latter allows
for much more e xibility in the typesof coordinatesystems
which canbe expressedaswell asin describinghow thein-
strumentcoordinateaxesmapinto real-world coordinateskFor
thosereasonswe will concentrateon the World Coordinate
Systemimplementation®f the coordinatesystemsHowever,
theoldersystemwill alsobeconsideredvhereappropriate.

1.1.1. The Original FITS Coordinate System

In the original FITS paper(Wells et al. 1981),the coordinates
of a dataarraywere speci ed with the following keywordsin
theFITS header:

CRPIX: Referenceixel to subtracfrom the pixel co-
ordinatesalongaxisn. NotethatCRPIX followsthe
Fortrancorventionof countingfrom 1 to N, instead
offromOtoN 1 asisdonein someprogramming
languages.

CRVAL: Coordinatevalueof thereferencepixel along
axisn.

CDELf: pixel spacingalongaxisn.

CROTA Rotationangle,in degreesto applyto axisn.
The exact methodof applying the rotation angle
was not speci ed in the original paper but com-
monly usedcorventionshave developedover the
years,asdiscussedn Sec.8.

CTYPE& A stringvaluelabelingeachcoordinateaxis.
A commonsystem,usedby the SOHO spacecratft,
labelsthe westward axis as SOLARXndthe north-
wardaxisasSOLARY

In the simple caseof linear coordinatesvith no rotation, the
transformatiorfrom pixel to realworld coordinatess then

x= CRVAL+ CDELA (i CRPIX):

(ThecasewhereCROTA, 0 is discussedn Sec.8.) Later, we
will shaw that this older systemcan be considereda special
caseof the coordinatesystemslescribedelow.

1.1.2. The World Coordinate System

The World CoordinateSystem(WCS) (Greisen& Calabretta
2002; Calabretta& Greisen2002)is a systemfor describing
the coordinatef a FITS array andincludesa systemof de-
scribingvariousmapprojectionsfor sphericalkcoordinates. In
simpli ed form, the keywords CRPI1X, CRVAhL, CDELf® are
retainedrom theoriginal speci cation,combinedwith thefol-
lowing additionalor modi ed keywords:

PG_j: A coordinatetransformatiommatrix, describing
the corversionfrom pixel coordinateaxesj into in-
termediatepixel coordinates. This transformation

1 Futureplanneddevelopmentgor the WCSincludespectralcoor
dinatesnon-lineardistortions,andpossiblytemporalcoordinates.

matrix replaceghe older CROTkeyword, which
is deprecateth the WCSformalism.As well asro-
tations,the PCmatrix canalsoencodeothertrans-
formations,suchasskew. (Thereis alsoanoptional
form of theWCSformalismin which boththePG_j

and CDELIiTkeywords are combinedinto a single
CD_j matrix.)

CTYPE For sphericalcoordinatesthe rst four char
actersexpresghecoordinatetype,while thesecond
four charactergxpressthe mapprojectionused.

P\i_m: Additional parametersequiredin somecoordi-
natesystems.

CUNIT: Theunitsof the coordinateglongaxisi.

LONPOLEATPOLEANglesusedfor sphericalcoordi-
natetransformationsThesekeywordshave default
valueswhich dependn the mapprojectionused.

For sphericatoordinatessomecaremustbetakenin theselec-
tion of the referencepixel, dependingon the projectionbeing
used.

It is arequirementin FITS les, andin WCS in particu-
lar, thatall anglesmustbein degrees(However, seeSec.9.2.)
For simplicity, in thefollowing, all trigonometricfunctionsare
assumedo have their agumentsn degreeswhile theinverse
functionsareassumedo returnvaluesin degrees.

It is possiblein WCS to have more than one coordinate
systemfor ary givendataset.An alternatecoordinatesystem
would be expressedisingall the above keywordsfollowed by
oneof the letters“A” to “Z”, e.g.CRPIX1APC11A etc.The
keywordsWCSNAMEa can be usedto label eachalternatie
coordinatesystem—se€igs.4 and5.

Modi ed versionsof the above keywordsfor usein binary
tablesandpixel lists arelisted in Greisen& Calabrettg2002)
andin Calabretta& Greisen(2002).

2. Heliographic Coordinates

Thewell-known heliographié coordinatesystemexpresseshe
latitude andlongitude of afeatureonthesolarsurfaceand
canbe extendedto threedimensiondy addingthe radial dis-
tancer from the centerof the Sun. The rotationalaxis usedto
de ne the coordinatesystemis basedon the original work of
Carrington(1863).Seidelmanret al. (2002)lists theright as-
censionanddeclinationof the solarnorthpoleas ¢ = 286:13,
o = 63:87. Therearetwo basicvariationson the heliographic
system,which we will referto as Storyhurstand Carrington
heliographicBoth usethe samesolarrotationalaxis,anddi er
only in thede nition of longitude.
Thereareseverallimitationsto the useof heliographicco-
ordinatesvhenusedwith two-dimensionaimagedata:

— Without the r axis, coordinatesanonly be expressedor
pixelsonthe solardisk.

2 Sincethe Sunis assumedo have zerooblatenessandrotatesin
theprogradesensethereis nodistinctionbetweemlanetographiand
planetocentridatitudesand longitudesfor the Sun. We will usethe
traditionaltermheliographiovhenreferringto latitudeandlongitude.
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Fig.1. A diagramof the Sun,shawing lines of constantStoryhurst
heliographiclongitude and latitude on the solar disk. The origin of
the coordinatesystemis at the intersectionof the solarequatorand
the(terrestriallobserer's centralmeridian.Thisrepresentatiors also
known asa Storyhurstgrid.

— Featureswhich are signi cantly elevatedabove the solar
surfacewill projectinto coordinateg ; ) which aredif-
ferentfrom their true coordinatesn a complete(r; ; )
system.

— At somewavelengthsparticularlyin Helium lines, the ap-
parentsolar limb will be largerthanR , by as much as
1.5%.

However, the coordinatesystemis well suitedfor mary types
of solardata.

2.1. Stonyhurst Heliographic Coordinates

Theorigin of the Storyhurstheliographiccoordinatesystemis
at the intersectionof the solarequatorandthe centralmerid-
ian as seenfrom Earth. Thus, the coordinatesystemremains
x edwith respecto Earth,while the Sunrotates(synodically)
underneattit. Theangles and aregivenin degreeswith

increasingtowards solar North, and  increasingtowards
the solar West limb. The distancer is either a physical dis-
tancein meters,or is relative to the solarphotospherigadius
R  6:96 10°m. Thiscoordinatesystemis demonstrateéh
Fig. 1.

An alternatve to ther coordinateis theheighth=r R
relative to the solarsurface,whereh is positive above the sur
faceandnegative below the surface.

It shouldbenotedthat Storyhurstheliographiccoordinates
arecloselyrelatedto HeliocentricEarthEquatoria(HEEQ)co-
ordinateHapgood1992).Corversionbetweerthesetwo sys-
temsaregivenby theequationg

q

r=  X%eeo+ Y2heeo + Z2heeo;

3 Thefunctionarg is de ned suchthatarg(x; y) = tan *(y=x), where
theanswercanlie arywherefrom -180 to 180, andthusresolhesthe
theambiguitybetweenwhich quadrantheresultshouldlie in.

— 1 — .
= tan * Zueegm X%ueeot+ YZheeo (1)
= an(Xueeq; Yheeq);
Xueeg = rcos cos ;
Yheeq = rCOS sin ; (2)
Zygeq = ISin
To maintainthis relation,and to avoid confusion,we re-

quire that for non-terrestriabbseners,the origin will still be
referencedo the centralmeridianas seenfrom Earth (specif-
ically geocenter)Thus,the coordinatesof ary featureon the
surfaceat a giventime t will be the samefor ary obsenrer.
Obsenationsmadefrom a distancesigni cantly di erentthan
1 A.U. may requirea light travel time correctionfor utmost
accurag.

2.2. Carrington Heliographic Coordinates

The Carringtoncoordinatesystemis a variation of the helio-
graphicsystemwhich rotatesat anapproximatiorto the mean
solarrotationalrate, as originally usedby Carrington(1863).
The siderealperiod of the Carringtonsystemis 25.38 days,
which translatesnto a meansynodicperiodof 27.2753days
(Stix 1989). Seidelmanret al. (2002) gives the angle of the
prime meridianfrom the ascendingnodeas 84:10 at J2000.0.
Eachtime the Carringtonprime meridian coincideswith the
central meridian as seenfrom Earth, which happensonce
each27.21to 27.34 days, dependingon where Earth is in
its orbit, marksthe beginning of a new “Carringtonrotation”.
Theserotationsarenumberedequentiallywith Carringtonro-
tation numberl commencingon 9 Novemberl853. The start
dateandtime of eachCarringtonrotation (alsoknown asthe
“synodic rotation number”)is publishedin the Astonomical
Almanac For example,Carringtonrotation number1900 be-
ganon 2 Septembef 995.

Carringtoniongitudeis o setfrom Storyhurstlongitudeby
a time-dependenscalarvalue. In other words, at ary given

time t, the relationshipbetweenStoryhurstlongitude and
Carringtonlongitude  is givenby theequation
c= *Lo )

wherel, is the Carringtonlongitude of the centralmeridian
as seenfrom Earth. At the startof eachCarringtonrotation,
Lo = 360 and steadily decreasesuntil it reachesLy = 0, at
which pointthenext Carringtonrotationstarts Notethatthisis
the oppositebehaior of thedecimalCarringtonnumberof the
centralmeridian,which constantlyincreasesThe daily values
of Lo areavailablein the AstonomicalAlmanac

3. Heliocentric Coordinates

Heliocentriccoordinatesxpressthe true spatialposition of a
featurein physical units from the centerof the Sun. There
are a numberof well-establishedheliocentriccoordinatesys-
temsusedin spacephysics(Hapgoodl992).Examplesnclude
HeliocentricAries Ecliptic (HAE), HeliocentricEarth Ecliptic
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(HEE), and Heliocentric Earth Equatorial (HEEQ). Each of

thesecoordinatesystemgsonsistof threemutually perpendic-
ularaxes, X, Y, andZ, which togetherform aright-handecto-

ordinatesystem.For example,the HEE systemhasan X axis

pointing alongthe Sun-EartHine, anda Z axis pointingalong
theecliptic north pole. (A precisede nition of the ecliptic can

befoundin Lieske etal. (1977).)In this work, we will de ne

additionalheliocentriccoordinatesystemsrientedspeci cally

towardssolarimagedata.

No solarobsenationfrom asingleperspectie cantruly be
saidto bein heliocentriccoordinatesisde ned below. Linesof
sightfrom theobsenerto the Sunarenottruly parallelto each
other, sothattranslatingmagepositioninto aphysicaldistance
will dependto someextenton wherethe featureis alongthe
line of sight. Also, no attemptis madeto distinguishthe var
ious possiblemapprojections—e.gwhetheroneis measuring
anangulardistancethe sineof theangle,or the tangentof the
angle.However, for mary casesthesedistinctionsare unim-
portant,andheliocentriccoordinatesasde ned hereare often
very useful. They alsosene asa basisfor the helioprojectve
coordinatesystemgliscussedater.

No matterwhatperspectie an obsenrer has,the heliocen-
tric coordinatesystemgliscussedbelov will have axesde ned
relative to thatobsener. Thus,unlike the heliographiccase an
obsenationmadefrom a non-terrestriaplatformwill measure
coordinatesvhich will bedi erentfrom thosemeasuredrom
Earth.Hence atleastfor non-terrestriabbsenations,informa-
tion mustalsobeprovidedaboutthe obsererspositionto prop-
erly de ne the coordinatesystem(seeSec.9.1).

The classof obserer-dependenteliocentric coordinate
systemsdiscussedn this reportfalls into two subcatgories:
heliocentric-cartesiaandheliocentric-radial.

3.1. Heliocentric-Cartesian Coordinates

Thisis atrue(x;y; z) Cartesiarcoordinatesystemwith eachof
the axesbeing perpendiculato eachother andwith all lines
of constantx (or y or 2) beingparallelto eachother The z axis
is de ned to be parallelto the obsener-Sunline, pointing to-
wardtheobsener. They axisis de ned to be perpendiculato
zandin the planecontainingboththez axisandthesolarNorth
pole axis, with y increasingtowardssolar North. The x axis
is de ned to be perpendiculato bothy andz, with x increas-
ing towardssolar West. Thus,it is a right-handedcoordinate
system Eachaxisis expressedseithera physicaldistancen
metersor relatveto R . Theheliocentric-cartesianoordinate
systemis demonstrateth Fig. 2.

Heliocentric-cartesianoordinatesirealsoknown ashelio-
centric (or heliographic)Radial-Tangential-Norma{HGRTN)
coordinates(Franz & Harper 2002), except with di erent
nomenclatureTheheliocentric-cartesiaaxesx, y, zareequi-
alentto the HGRTN axes Yycrrn, Zucrrn, and Xyrrn respec-
tively.

¢ North

i West limb

Fa

TTSouth

Fig.2. A diagramof the Sun, with lines of constantheliocentric-
cartesiarposition(x; y) overlayed.Thez axis pointsout of the page.

Eost limb, (96151 S West limb (270%)

Fig. 3. A diagramof the Sundemonstratindneliocentric-radiatoor
dinateswith lines of constanimpactparameter andpositionangle

overlayed.Thevalueof ateachof thefour compasgpointsis also
shawvn. Thez axispointsout of the page.

3.2. Heliocentric-Radial Coordinates

Heliocentric-radial coordinatesshare the same z axis as
heliocentric-cartesiacoordinateshutreplacqx; y) with (; ).
The parameter is the radial distancefrom the z axis, andis
alsoknown astheimpactparametert is expresseckitherasa
physicaldistanceor relatveto R . Surfacesof constant form
cylinders. The positionangle is measuredn degreescoun-
terclockwisefrom the projectionof the solarNorth pole. This
coordinatesystemis demonstrate¢h Fig. 3.

4. Projected Coordinate Systems

Datatakenfrom asingleperspectre canonly approximaterue
heliocentriccoordinatesA more preciserendition of coordi-
natesshouldrecognizethat obsenationsare projectedagainst
the celestialsphere.This classof coordinatesystemswhich
wewill call helioprojectve,mimicstheheliocentriccoordinate



W. T. ThompsonCoordinatesystemdor solarimagedata 5

systemdgliscusse@bove, replacingphysicaldistancesvith an-
gles. Although theres a one-to-onecorrespondencbetween
theheliocentricparameterandthe helioprojectve parameters,
the latter is really an obsenrer-centric system.Whenthe ob-
seneris onor justabove Earth,thesecanbe describedasgeo-
centriccoordinatesystems.

All projective anglesdiscussedherehave an origin at disk
centerThisis theapparentlisk centerasseenby theobsenrer,
without ary correctionsmadefor light travel time or aberra-
tions. Such considerationslo not play a role in thesesolar
speci c coordinatesystems.

Becausehelioprojectie coordinatesare ultimately spher
ical in nature,the full map-projectionaspectof WCS come
into play. Thus,onemusttake into accountexactly what map
projectionsareusedin takingthedata.ln essencehelioprojec-
tive coordinatesre celestialsphericalcoordinateghat usethe
Sunto de ne their poleandorigin, andwhich canbe extended
from disk centerout into the corona,and ultimately over the
full 4 steradiarsky.

4.1. Helioprojective-Cartesian Coordinates

This is the projectedequivalent of heliocentric-cartesiaco-
ordinateswherethe distanceparameterx andy arereplaced
with theangles y and y, where  is thelongitude,and y isthe
latitude.Closeto the Sun,wherethesmallangleapproximation
holds, the heliocentric-cartesiaand helioprojectve-cartesian
arerelatedthroughthe equations

X dzz=) x D (7)) x

180 180 @

y d(m) y D (m) ys

whered is the distancebetweenthe obsener andthe feature,

andD isthedistancebetweerthe obsenerandSuncenter
Thehelioprojectve equivalentof zis , de ned as

D d )

Surfacesof constant areconcentricspheresenteredon the
obsener, with the sphererepresenting = 0 passingthrough
the centerof the Sun. Positve valuesof representpoints
closerin to the obsenrer than Sun center while negative val-
uesrepresenpoints fartherout than Sun center Closeto the
Sun, z

Note that, unlike usual celestial coordinate systems,
helioprojectie-cartesiarcoordinatesare left-handed.This is
handledthroughthe signof the CDELiTkeyword.

4.2. Helioprojective-Radial Coordinates

This is the helioprojectve equivalent of heliocentric-radial,
wherethe impact parameter is replacedwith the angle
Again, this is a sphericalcoordinatesystemandthe mappro-
jection rules come into play. Close to the Sun, where the
small-angleapproximationholds, the heliocentric-radialand
helioprojectve-radialimpact parametersare related through
theequation

doz5) D (355

180 ©)

180

Note that =0 at one pole of the helioprojectie-
radial system wheremost sphericalcoordinatesystemshave
90 atthepoles.We resole this by de ning thedeclina-
tion parameter

90 ; (7)
sothatsolardisk centerlies at the helioprojectve-radialsouth
pole, making the coordinatesystemright-handed.To satisfy
therequirement®f WCS coordinateransformformalism,an-
gular coordinatesin FITS les will be expressedas ( ; )
pairs. The corversionto ( ; ) is thenaccomplishedsimply
as +90.

4.2.1. Computing the Surface Normal

A variation on radial coordinatesnvolvesreplacingeither
or  with the cosineof the anglebetweerthe surfacenormal
andtheline of sightto the obsener. This parameter , varies
betweerl atdisk centerto 0 atthelimb. Becausehis describes
spatialpositionsattheSun'ssurface it hasthesamdimitations
asheliographiccoordinates(SeeSec.2.)

The conversionbetweenheliocentriccoordinatesand  is
quitesimple
q__
= 1 (=R)% (8)

On the otherhand,the conversionbetweerhelioprojectve co-
ordinatesand is morecomplicatedandis givenby

1 ab

=P (9)
(1+a?)(1+b?)
where
a = tan ;
q
q= FR(1+a?) a?D?
_ab 9.
atD +q°

Thehelioprojectveangle hasamaximumatthelimb, where
sin =R =D ,andthusg=0, b=1/aand =0.Forsmallerval-
uesof ,thesmallnes®fawill overcomehepotentiallylarge
valueof D , sothatqwill evaluateto a positive realnumber

WhenD R , the distinctionbetweenEgs. (8) and (9)
is negligible. Only when D is within 8 solar radii doesthe
error grow to 0.1%,andat 1 A.U. the approximationis good
to almostsix signi cant gures. Thus,for mostapplications,
Eq.(9) canbesimpli ed to

q

1 (= )% (10)

5. World Coordinate System Implementations

Table 1 lists all the coordinateparametergeferredto in this
documenttogethemwvith their unitsandWCSlabels whereap-
propriate.The WCS labelsaredesignedo be usedin CTYPE
declarationse.g.CTYPE1="HPLN-TANrhey alsosene asthe
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Table1. A completdist of all coordinateparametergeferrecto in this
documentAlso includedis theassociate®dVCSlabelwhereappropri-
ate,andthe unitsin which the parameterare expressedParameters
givenin meterscanalsobeexpressedsrelative to thesolarradiusr .

Par Units WCSlabel Description
t - Obsenationdatétime
R m Solarradius( 6:96 10 m)
D m DSUN Distancebetweenthe obserer and
Suncenter
degg HGLT Heliographiclatitude
CRLT Synorym whenusedwith CRLN
degg HGLN Storyhurstheliographidongitude
c dg CRLN Carringtonheliographidongitude
Lo, dg Carrington longitude of central
meridianasseenfrom Earth
r m HECR Radialdistanceérom suncenter
h m HECH Radial distancefrom the solarsur
faceh=r R
X m SOLX Heliocentricwestwarddistance
y m SOLY Heliocentricnorthward distance
z m SOoLz Heliocentricobsererward distance
m SOLI Heliocentricimpactparameter
degg HCPA Positionanglefrom solarNorth
HRLN Synorym whenusedwith HRLT
X degg HPLN Helioprojective westwardangle
y degg HPLT Helioprojectve northwardangle
deg Helioprojective impactangle
degg HRLT Helioprojectve-radial declination
angle,de ned as 90
d m DIST Radialdistanceéfrom the obserer
m HPRZ Helioprojectve analogof z, de ned
asD d
- Cosineof the angleto the surface
normal
By, dg Tilt of the solar North rotational
axis toward the obserer (helio-
graphiclatitudeof the obserer)
o da Storyhurst heliographic longitude

of theobsenrer

basisfor a family of keywordsestablishinghe viewer's loca-
tion (seeSec.9.1). Sphericalcoordinatesi.e. heliographicor
helioprojectie, arealwaysin pairsof theform xxLN/xxLT, for
longitudeandlatitude,whichis why somequantitiesn Tablel
have synoryms.

Map projectionsdo not enterinto heliocentriccoordinates,
and thereforethe axis labelswill simply be the appropriate
four-letterdesignatiorasgivenin Tablel. The CUNITkeyword
will give theunitsof the coordinatevalues.Someexamplesof
valid entriesfor CUNIT are

CUNIT1 = 'm " Imeter
CUNIT1 = 'km " /kilometer
CUNIT1 = 'Mm ' /megameter
CUNIT1 = 'solRad ' /solar radius

SeeGreisen& Calabrettg2002)for moreinformation.

The heliographicand helioprojectve coordinatesystems,
however, aresphericaln nature andthereforearesubjecto the
map projectionformalism describedn Calabretta& Greisen

(2002). Someof the more commonprojectionsusedare dis-
cusseddelow, althoughsolardatacanpotentiallybein ary of
theprojectionsdiscussedn Calabretta& Greisen(2002).

5.1. TAN Gnomonic Projection

Onecommonobservingmethodis wherea solarimageis fo-

cusedontoa at focal plane,suchasa CCD detectorThedata
canthenbe describedasbeingin helioprojectve-cartesiarmo-

ordinatesln this casethegnomonicprojection,or TANcomes
into play. The TANorojectionhasits native northpoleattheref-

erencepixel, anddistanceaway from the poleincreasessthe
tangentof the colatitude.Useof the TANprojectionwill place
thefollowing requirement®n the WCS keywords:

CRPI{: Will expressthe pixel coordinatesf the on-
axis point. Often, the centerof the array or solar
disk centeris areasonablapproximation.

CDELIf Thedetectomplatescaleatthereferencepixel,
in degrees.

CTYPE Thevaluesfor the( x; y) coordinateaxeswill
be'HPLN-TAN'and'HPLT-TAN' respectiely.
CRVAILL The coordinatesf the referencepixel, in de-

grees.

LONPOLENormally 180 . SeeCalabretta& Greisen
(2002)for acompletediscussion.

The TANprojectioncanalsobe usedwith helioprojectie-
radial coordinatesThe coordinateaxes shouldbe de ned so
that the associate¢parameteris locally increasing.Thereis,
however, anambiguityin the helioprojective-radialcasewhen
the referencepixel is disk center At disk center  increases
in all directions,andthevalueof becomesndeterminateln
thatcasethe axisshouldpointtowardthe solarNorth pole,
while the axisshouldpointtowardthe Eastlimb. Therefer
encevaluefor disk centerwill begivenas( ; )= ( 90 ;0).
With thesede nitions, thevalueof LONPOL®ill be180 .

We pay particularattentionto the TANprojectionin this pa-
per, becausave anticipatethat it will be the workhorsepro-
jectionfor helioprojectve coordinatesHowever, otherprojec-
tionscanbe used,dependingon how the dataweregenerated.
For example,onewould usea cylindrical projectionfor data
resamplechsapolarplot.

5.2. AZP Perspective Zenithal Projection

Theheliographiacoordinate®f asolarimage e.g.fromaCCD
detectoy canbe describedasa perspectie zenithalprojection,
or AZP The keywordsin this casewould be

CRPIX: Normally, the pixel coordinatesf disk cen-
ter, evenif that's outsidethe array (However, see
Calabretta& Greisen(2002) for a discussionof
slantzenithalprojections.)

CDELIE The size of the referencepixel, in helio-
graphicdegreesFor the simplecasewheretheref-
erencepixel is diskcenterthiswill be(D =R 1)
times the helioprojectve plate scaledescribedin
the previous section.At a distanceof 1 A.U., this
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renormalizatiorfactoris approximately213.9.See
Section7.4.4of Calabretta& Greisen(2002)for a
morecompleteexplanation.

CTYPE TheCTYPEkeywordfor thelongitudedimen-
sion will be either ' HGLN-AZP' or 'CRLN-AZP",
dependingonwhetherStoryhurstor Carringtonhe-
liographiclongitudesare used,while the valuefor
the latitude dimensionwill be either' HGLT-AZP"
or 'CRLT-AZP' respectiely.

P\i_1: This keyword will containthe value D =R
(notetheminussign),wherei is theindex of thelat-
itude coordinateaxis. At a distanceof 1 A.U., this
is approximately214.9.

CRVALL Thesewill specifythe latitude andlongitude
of thereferencddisk center)pixel in degreesThus,
togetherwith the P\i_1 keyword, the information
aboutthe obserer's positionis complete.

LONPOLBRJnlessone s looking straightdown along
oneof the poles,this shouldnormallybe 180 .

5.3. SIN: Orthographic Projection

A specialkcaseof the AZPprojectioniswhenD islargeenough
to beconsideredo bein nitely faraway. Thisis known asthe
SIN projectionandis implementedn FITS headersasfollows:

CRPIX: The pixel coordinatesof disk center even if
that's outsidethe array

CDELIf Theplatescaleto be usedfor the SIN projec-
tionis 180 = timestheplatescalein solarradii per
pixel.

CTYPE TheCTYPEkeywordfor thelongitudedimen-
sion will be either ' HGLN-SIN' or 'CRLN-SIN',
while the valuefor the latitude dimensionwill be
eitherHGLT-SIN' or 'CRLT-SIN' respectiely.

PV_1: Setto 0, wherei is thelatitudeaxis.

PV_2: Setto 0, wherei is thelatitudeaxis.

CRVAILL Thesewill specifythe latitude andlongitude
of thereferencgdisk center)pixel in degrees.

LONPOLEsameasfor the AZPprojection.

For mostcasesthe AZPprojectionis preferabldo the SIN pro-
jection, but the latter canbe a usefulapproximatiorwhennot
all theinformationfor the AZPprojectionis available.

5.4. CARPIate Carrée Projection

Cylindrical projections are well suited for synoptic maps,
where obsenationsare madeover a period of time to build

up a completerotation's worth of data.Either Storyhurstor

Carringtonheliographiccoordinate€anbeused.The simplest
kind of cylindrical projectionis platecaree(CAR whereboth
thelongitudeandlatitudevaluesareequallyspacedn degrees.
In orderfor thecylindrical axisto bealignedwith thesolarrota-
tion axis,thereferencepixel mustbeontheequatorOtherwise,
thevaluesof CRPIX, CRVAI, andCDELiTarestraightforvard.
The CTYPEeywordfor thelongitudedimensiorwill beeither
'HGLN-CAR'or 'CRLN-CAR; while the valuefor the latitude

dimensionwill beeither'HGLT-CAR'or 'CRLT-CAR'respec-
tively. Thedefaultvalueof LONPOLIE zero.

Weresenetheadditionalkkeyword CARROTo associat¢he
appropriateCarringtonrotation numberwith the obsenation.
For example,a synopticmapcoveringthe periodbeginningon
2 September1 995 would have CARROT= 1900. For a map
containingdatabeginning within one Carringtonrotationand
endingwithin the next, thevalueof CARROWiIll beassociated
with thereferencepixel givenby the CRPI1X keywords.

Careshouldbe usedin the formulationanduseof synop-
tic maps,which are generallybuilt up from datataken over
a period of weeks.Becausehe Sunrotatesdi erentially the
Carringtonlongitudeof ary featurewill evolve overtime, re-
gardlesof ary evolution of the featureitself. The obsenation
timewill varyfrom onepartof themapto anotherandwill de-
pendon how themapwasconstructedThegeneralproblemof
mappingsynopticcoordinatesnto instantaneouspatialcoor
dinatess too complex for the presentvork. Synopticmapdata
providersareencouragedio documenin the FITS headethow
themapwasconstructed.

Anotheruseof the platecariéeprojectionis whenmaking
mapsof the corona,whereoneaxisis positionangle,andthe
otheris the radial distancefrom disk center This canbe natu-
rally handleceitherasheliocentriccoordinatesn physicalunits
(HCPA/SOLI), or asangularhelioprojectie-radialcoordinates
in the platecarreeprojection(HRLN-CAR/HRLT-CAR).

5.5. CEACylindrical Equal Area Projection

Anothercommonlyusedprojectionfor synopticmapsis cylin-

drical equalarea(CEA, wherethe latitude pixels are equally
spacedn the sine of the angle.In its simplestform, the key-

wordsfor thelatitudeaxisi are

CDELIf Setto180/ timesthepixel spacingof thesineof the
latitude.

PV _1: Setto1.(SeeCalabretta& Greisen(2002)for adiscus-
sionof themoregenerakasewherePV_1< 1.)

CTYPE Either'HGLT-CEA'or 'CRLT-CEA', while the same
for the longitude axis will be either 'HGLN-CEA' or
'CRLN-CEA'respectiely.

The other keywords are the sameas for the CARprojection,
including LONPOLEzandthe proviso thatthe referencepixel
be a point on the equatorwhich is true for all cylindrical and
pseudo-glindrical projections.

6. Sample FITS Headers

Figure4 shavs a sampleheaderfor a hypotheticalinstrument
with a plate scaleof 3.6 arcsefpixel (0.001 degreegpixel),
observingfrom 1 A.U. The detectoris a 1024 1024 CCD,
with the Sun centeredin the CCD. Four di erent coordi-
natesystemsareshavn: heliocentric-cartesiamelioprojectve-
cartesian Storyhurstheliographic,and helioprojectve-radial.
Note that the pixel scalefor the heliographiccoordinatess
D =R 1= 2139timesthepixel scalefor thehelioprojectve
coordinategseeSection5.2). The pixel scalefor heliocentric-
cartesians in solarradii basednasolardiameterof 0.533de-
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NAXIS = 2 /2D image
NAXIS1 = 1024 /Number of columns
NAXIS2 = 1024 /Number of rows

WCSNAME'Heliocentric-cartesian (approximate)'

CTYPEL = 'SOLX /Axis labels

CTYPE2 = 'SOLY ' /

CRPIX1 = 512.5 /Center of CCD
CRPIX2 = 5125 /

CUNIT1 = 'solRad /Solar radii

CUNIT2 = 'solRad /

CDELT1 = 0.00375 /[radii] Plate scale
CDELT2 = 0.00375 /

CRVALL1 = 0.0 /Sun center

CRVAL2 = 0.0 /

WCSNAMEAtelioprojective-cartesian'

CTYPE1A: 'HPLN-TAN' /Axis labels (ThetaX)
CTYPE2A 'HPLT-TAN' / (ThetaY)
CRPIX1A= 512.5 /Center of CCD
CRPIX2A= 5125 /

CUNIT1A= 'deg /Angles in degrees
CUNIT2A= 'deg ' /

CDELT1A 0.001 /[deg] Plate scale
CDELT2A 0.001 /

CRVAL1A 0.0 /Sun center
CRVAL2A 0.0 /
WCSNAMEBtonyhurst  heliographic'

CTYPE1E: 'HGLN-AZP' /Heliogr.  longitude
CTYPE2B: 'HGLT-AZP' / latitude
CRPIX1B= 512.5 /Center of CCD
CRPIX2B= 5125 /

CUNIT1B= 'deg /Angles in degrees
CUNIT2B= 'deg ' /

CDELT1B 0.2139 /0.001*(Dsun/Rsun-1)
CDELT2BE 0.2139 /

CRVAL1B- 0.0 /Central meridian
CRVAL2E 6.5 /B0 angle

PV2_1B = -214.9 /Negative Dsun/Rsun

WCSNAMEEtelioprojective-radial’

CTYPE1G 'HRLN-TAN' /Position  Angle
CTYPE2G 'HRLT-TAN' /Delta_Rho
CRPIX1C= 512.5 /Center of CCD
CRPIX2C= 5125 /

CUNIT1C= 'deg /Angles in degrees
CUNIT2C= 'deg ' /

CDELT1G -0.001 /Long. -> E (deg/pix)
CDELT2G 0.001 /Lat. -> N (deg/pix)
CRVAL1G 0.0 /Ref. latitude is O
CRVAL2G -90.0 /Sun center
LONPOLEC= 180.0 /Default value
Fig.4. Sample FITS header demonstrating heliocentric-

cartesian, helioprojectve-cartesian, Storyhurst heliographic, and
helioprojectve-radialcoordinatedor the samearray For simplicity,
notall FITS keywordsareshavn

greesat 1 A.U. Although omitted in the FITS headerhere
to save spacethe default value of LONPOI=EL80 is usedin
both the helioprojective and heliographiccoordinatesystems.
In general|t's recommendethatall keywordsbe includedin
theheaderevenwhenthey take defaultvalues.

As noted earlier a special case of the use of the
helioprojectve-radialcoordinatesystemis whenthereference
pixel is disk center This caseis illustratedas section“C” in
Fig. 4. NotethatCDELT1( thenegative of thevalueCDELT1A
shawvn in Fig. 4, becauseghe unit vectorasde ned points
towardthe Eastlimb. ConsultCalabretta& Greisen(2002)for
moreinformationabouthow the parametersireusedto de ne
the coordinatesystem.

A morecomplicatedexampleof helioprojectve-radialco-
ordinatess demonstrated Fig. 5. In thisexample,ascanning
slit spectrometeroperatingin the extremeultraviolet, is used
to scanthe corona.The slit is orientedtangentialto the limb,
andis scannedutward alonga radial at positionangle-45 ,
startingat 18 arcmin (0:3) from disk center (For simplicity,
we assumeherethat the radial stepsgo asthe tangentof the
angle , whichmayonly beanapproximatiorfor arealspec-
trograph.The projectionto be usedfor ary instrumentwill de-
pendon its design.)Note thatthe positionangle is denoted
as'HRLN-TAN'becauset is herepart of the helioprojectie
coordinatesystem.Whenusedas part of a heliocentriccoor
dinatesystem,it simply denotedas'HCPA'. Note alsothat
is usedinsteadof , sothe radial positionis givenas 89:7
ratherthan0:3. Althoughnotincludedin the FITS headerthe
defaultvalueof LONPOI=H80 is usedin bothhelioprojectie
coordinatesystems.

7. Coordinate Conversions

Thefollowing equationsdescribethe corversionfrom oneco-
ordinatesysteminto anotherandareintendedto demonstrate
the relationshipsetweenthe coordinatesystemsOthercoor
dinatecorversionsot shovn below canbederivedfrom those
shavn. Whereappropriatethe assumptiongo be madewhen
one of the dimensionds missingis discussedWhencorvert-
ing betweerheliocentricandhelioprojectie coordinatesif all
threespatialdimensionsarenot presentandno additionalcon-
straints(suchasr = R ) canbe applied,thenthe small angle
approximatiormaybeusedinstead(SeeEqgs.(4) and(6).)

Between Storyhurst heliographic and heliocentric-
cartesian:

X = rcos sin( 0);
y = r[sin cosBy cos cos( 0) SINBy]; (12)
Z = r[sin sinBg+ cos cog 0) COSBo];
q—
r= xX+y’+2%
= sin Y((ycosBg + zsinBg)=r); (12)

o+ am(zcosBy ysinBy; X);

whereBy and ( arethe Storyhurstheliographidatitude and
longitudeof the obsenrer. If the r dimensionis missing,then
we malke the assumptionthatr = R . If the z dimensionis
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NAXIS = 3 /3D array

NAXIS1 = 1024 /No. wavelengths
NAXIS2 = 100 /No. slit pixels
NAXIS3 = 100 /No. slit exposures
WCSNAME'Helioprojective-radial’

CTYPE1 = 'WAVE /Wavelength

CTYPE2 = 'HRLN-TAN' /Position  angle
CTYPE3 = 'HRLT-TAN' /rad. dist. - 90 deg
CRPIX1 = 512.5 /Center of CCD
CRPIX2 = 50.5 /Slit center

CRPIX3 = 1.0 /First exposure
CUNIT1 = 'Angstrom’ /Wavelenth in Ang.
CUNIT2 = 'deg /Angles in degrees
CUNIT3 = 'deg ' /

CDELT1 = 0.1 /Wavelength scale
CDELT2 = 0.001 /slit pixel size
CDELT3 = 0.001 /Scan step size
CRVALL = 350.0 /Reference wavelength
CRVAL2 = -45.0 /Pos. angle slit cntr
CRVAL3 = -89.7 /Rad. dist. 18 arcmin
WCSNAMEAtelioprojective-cartesian'

CTYPE1A 'WAVE /Wavelength
CTYPE2A 'HPLT-TAN' [Theta_Y

CTYPE3A: 'HPLN-TAN' /Theta_X

CRPIX1A= 512.5 /Center of CCD
CRPIX2A= 50.5 /Slit  center
CRPIX3A= 1.0 /First exposure
CUNIT1A= 'Angstrom’ /Wavelength in Ang.
CUNIT2A= 'deg /Angles in degrees
CUNIT3A= 'deg ' /

CDELT1A 0.1 /Wavelength scale
CDELT2A 0.001 /Scale after rotation
CDELT3A 0.001 /

PC1_1A = 1.0 /No wavelength trans.
PC2_2A = 0.707107 /Rotates by 45 deg.
PC2_3A = 0.707107 /

PC3_2A = -0.707107 /

PC3_3A = 0.707107 /

CRVAL1A 350.0 /Reference wavelength
CRVAL2A 0.212132 /Coord. of ref. pixel
CRVAL3A 0.212132 /

Fig. 5. SampleFITS headerdemonstratindpelioprojectve-radial,and
helioprojectve-cartesiarcoordinatedor the samearray Seetext for
details.For simplicity, notall FITS keywordsareshown.

missing,then&ve againmake the assumptiorthatr = R , and

thereforez= R2 x2 y2,

Betweenheliocentric-cartesiaandheliocentric-radial:

q
= X2+ y2;
= ag(y; X); (13)
z=1z
X = sin ;

y = + cos; (14)
z=2z
Between helioprojectve-cartesian and heliocentric-
cartesian:
X = dcos ysin y;
y = dsin y; (15)
z=D dcos ycos y
q
d= x+y?+(D 2%
x = ag(D  zX); (16)
y = sin }(y=d):
Betweerhelioprojectve-radialandheliocentric-radial:
= dsin ;
=, 17)
z=D dcos ;
=ag(D z )
= (18)
q__
d= 2+(D 2%

From the abore, one can derive the corversionsbetween
helioprojectve-cartesiamndhelioprojectve-radial:

q
= arg(cos yCcos x; C€oF s +Sir? );
= arg(sin y; €os ysin ); (29)
d=d;
x = amg(cos ; sin sin );
y = sin(sin cos ); (20)

o
1

d:

7.1. Converting to Space Physics Coordinates

The simplestrelationshipbetweenthe solar imaging coordi-
natesystemgliscusse@bove andthe coordinatesystemaused
in spacephysicsis that betweenHeliocentric Cartesianco-
ordinatesand Heliocentric Earth Equatorial(HEEQ) coordi-
nates(Hapgood1992).In HEEQ coordinatesthe Z,eeq axisis
alignedwith thesolarNorthrotationpole,while the Xyeeq axis
points toward the intersectionbetweenthe solar equatorand
the solarcentralmeridianasseenfrom Earth. The corversion
betweerHeliocentricCartesiar(x; y; zZ) asseerfrom Earth,and
HeliocentricEarthEquatorial(Xseeq; Yreeo; Zreeq) iS then

Xueeo = zC0SBp  ysinBy;
Yheeqo = X (21)
Zyeeq = ZSinBp + ycosBy;

= Yheeq)
Y = ZueeqC0SBy  Xpeeo Sin Bo; (22)
Z = ZygeoSinBo + Xygeq COSBy;
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whereB;y is the heliographidatitudeof Earth.For furthercon-
versionto otherspacephysicscoordinatesystemsseeRussell
(1971),Hapgood(1992),andFranz& Harper(2002).

7.2. Pseudo-angles and the TANprojection

Solar astronomershave not traditionally used spherical
trigonometryfor imagecoordinatesgxceptin the heliographic
case.Instead,it's more commonto work in pseudo-angles
representinghe plate scaleof the instrument.Thesepseudo-
anglesvary asthetangenof theactualanglesThisis identical
to working in thegnomonic(TAN projection.Closeto the Sun,
the pseudo-angleare approximatelyequalto their real angle
counterparts(From1 A.U., onthe solardisk, they're the same
to atleast vesigni cant gures.)

We de ne the pseudo-angles , x , andy to be the pro-
jection of a featureonto the z = 0 plane, expressedas an-
gles.Giventhisde nition, therelationshipbetweerthepseudo-
angle and|theactualang|e is fairly simple,

180
— tan ;

(23)

= tan! : (24)

180
while the relationshipsfor helioprojectve-cartesiancoordi-
natesaresomavhatmorecomplicated,

|

= 180 tan ; (25)
!
180 " tan ,
y = — —%
Cos &
« = tant 80 X (26)

= tanlé B y ;
¢ 180 "1+ ( x=180)2

(In the above we assumehatthe pseudo-angles , x , andy
areall expressedn pseudo-dgreeshencethe corversionfac-
torsof 180 = . Additional corversionfactorswould be needed
for pseudo-arcminutes pseudo-arcseconds.)

Although the corversionbetweenpseudo-angleandtrue
angleds notnecessarilgimple,pseudo-anglesremucheasier
to dealwith thantrueanglesandactmorelik e heliocentricco-
ordinatesFor example,in pseudo-anglesherelationshipse-
tweenhelioprojectie-cartesiamndhelioprojectve radialcoor
dinatesarethe sameastheir heliocentriccounterparts:

q
—_ X2+y2; (27)
= agly; Xx)
X = sin ; (28)
y =+ cos:

Theapproximation®f Egs.(4) and(6) work equallywell with
the pseudo-angleg ,y, aswith their real-anglecounter
parts.In fact,thedistances

X=D — x;

180
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D g0 V' (29)
180
aretrue distancesf the projectionof a point ontothez=0
plane.

For a disk-centeredolartelescopeusingthe TANprojec-
tion, thepseudo-angles ;y areequalto theintermediateco-
ordinatescalculatedfrom the FITS keywordsif the spherical
correctionsof the TANprojectionare not applied,e.g.ascal-
culatedby older non-WCSsoftware.Thedi erencegrom the
realangles 4; yscaleas 3, andareabout7 millisecondsof arc
atthelimb, asseenfrom 1 A.U. Whenthetelescope&xisis not
disk-centeredadditionaldi erence®f comparablenagnitude
will beincurred.

The situationis somavhat di erentwith helioprojectve-
radial coordinateswhen the TANprojectionis usednearthe
Sun.Becausef the high level of curvature,onecannotsimply
calculatethe intermediatecoordinategrom CRPIX, CRVAI,
etc.Insteadonemusteithercalculate ; usingthefull WCS
sphericaformalism,or calculate ; basednEq.(27).

8. The older FITS coor dinate system

Over the lastfew years,aninformal standarchasbeendevel-
opingfor solarimagecoordinatesn FITS les, usingtheolder
FITS keywords ratherthan the never WCS formalism. This
systemhasthefollowing characteristics:

— Thecoordinateaxescorrespondo Fig. 2.

— Thecoordinateaxislabelsvary, or areomitted,but aretyp-
ically SOLARX>SOLARYasusedby the SOHOproject.

— The coordinatesare usually expressedn arcsecondgal-
thoughthe appropriateCUNIT keywords may not appear
in the header) However, no map projectionsare explicitly
given, andthe distinction betweenheliocentricand helio-
projective coordinatess glossedver.

This systemcanbeincorporatednto the overall formalismbe-
ing considerechereby recognizingthatthe coordinategjiven
in such a systemare actually the pseudo-anglesliscussed
in Sec.7.2. Thus, this systemis implicitly helioprojectve-
cartesiarwith the standardl ANprojection.

Although we encouragéhe eventualadoptionof a WCS-
basedsystemFITSreadershouldalsobewrittento parseles
usingthe older coordinatesystemdescribedabove, asan im-
plicit helioprojectize-cartesiarsystem.This formatis accept-
ablefor simpletwo-dimensionasolarimagesFITS les using
thisoldersystenmshouldincludethekeywordsCRPIX, CRVAIL,
CDELIT CTYPE.CUNIT, andoptionally CROTIAf theimageis
rotated. When CROTiASs included,then the conversionfrom
pixel coordinateq(; j) to spatialcoordinateqx;y) shouldbe
donevia thefollowing equationgCalabretta& Greisen2002).

= CROTA
= CDELT cos i CDELJ sin | (30)
= CDELT sin i+ CDELJ cos |
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Table 2. Comparisorof the FITS coordinatekeywordsin theold and
new system for helioprojectve-cartesiarcoordinatesn the TANpro-
jection. The phrase“exactly the same”assumeghat the sameunits
areusedin both casesSeeSec.9.2 for adiscussiorof angularunits.
Although CUNIT did not appearin the original Wells et al. (1981)
paperit hasbeencommonlyused.

Keyword Original WCS

CRPIX Exactlythe samein bothsystems

CRVAL  Exactlythesamein bothsystems

CDELT  Exactlythesamein bothsystems

CROTA Rotationangle Deprecated

PG_j Not used Replace<CROTA

CUNIT Exactlythe samein bothsystems

CTYPE  SOLARX HPLN-TAN
SOLARY HPLT-TAN

wherei is the x-like axis,andj is they-like axis. Thisis equi-
alentin the WCSto a CDmatrix with thefollowing de nition:

CD.i = +CDELIT cosCROT};

CD.j = CDELT sin(CROTp (31)
CO.i = +CDELIT sin(CROT};

CO.j = +CDELT cosCROTp

or to aPCmatrix with thefollowing de nition:

PG.i = +coCROT);

PG_j = sin(CROTA (CDELJ=CDELID; (32)
PJ.i = +sin(CROTA (CDELFCDELJ);

PJ_j = + coCROTH:

(Theinverseproblemof decomposing PCmatrix into CROTIA
values,andhow to determinef sucha decompositions pos-
sible, is discussedn Calabretta& Greisen(2002).) Table 2
shaws the usageof the variousFITS coordinatesystemkey-
wordsin theold andnew systems.

Therehasalsorecentlybeengrowing usageof somemeta-
data keywords for solar images,such as XCENYCENand
ANGLEAIthoughthesearevery usefulkeywordsfor cataloging
setsof obsenations,they shouldnever be consideredas sub-
stitutesfor the standardFITS coordinatesystemkeywords.
However, thesecanalsobeincorporatedy makingtheidenti-
cations

CRPIX1= (NAXISH 1)=2;
CRPIX2= (NAXIS2+ 1)=2;
CRVALE XCEN
CRVALZ YCEN
CROTAZ ANGLE

(33)

9. Additional Considerations
9.1. Observer's Position

As mentionedearlier someof the coordinatesystemsmen-
tionedhereareorientedwith oneof the coordinateaxespoint-
ing toward the obsener. Therefore,information should be

11

Table 3. Standardspacephysics coordinatesystemsfrom Russell
[1971], Hapgood1992], andFranzandHarper[2002], togethemwith
their associateVCSlabelsfor CTYPEdeclarations.

Coordinatesystem Abbrev. WCSlabels
Geocentrieequatoriainertial  GEI GEIX, GEIlY, GEIZ
Geographic GEO GEOX,GEOQY,GEOZ
Geocentricsolarecliptic GSE GSEX,GSEY,GSEZ
Geocentrisolarmagnetic GSM GSMX,GSMY,GSMZ
Solarmagnetic SM SMX, SMY, SMZ
Geomagnetic MAG MAGXMAGY MAGZ
HelicentricAries Ecliptic HAE HAEX,HAEY,HAEZ
HeliocentricEarthEcliptic HEE HEEX,HEEY,HEEZ
HeliocentricEarthEquatorial HEEQ  HEQX,HEQY,HEQZ
Heliocentriclntertial HCI HCIX, HCIY, HCIZ

placedin the FITS headerto specify the viewer's location.
This is doneby usingthe labelslisted in Table 1 followed by
the characters’_OBS Sincetheres no standardmechanism
for specifyingwhat units that the value of a keyword in the
headettakes,all distancekeywordswill have the units metes,
while angularkeywordsarein degrees In principal,ary stan-
dardcoordinatesystemcouldbeusedto specifythe positionof
the obsener, but it is recommendethatat leastthe keywords
DSUNDBSHGLNMNBSandHGLTOBSeincludedto specifythe
Storyhurstheliographiccoordinate®f theobsener. For exam-
ple,aFITS heademightincludethelines

DSUN_OBS= 1.507E+11
HGLN_OBS= 0.0
HGLT_OBS= 7.25

If the obsener's positionis not speci ed, thenit shouldbe as-
sumedthatthe obsenationwasmadefrom Earth,or from low
Earthorbit.

The obsenrer's position can also be speci ed in ary of
the standardspacephysicscoordinatesystemgRussell1971;
Hapgood1992;Franz& Harper2002).Table 3 lists theseco-
ordinatesystemstogetherwith their associatedVCS labels.
Lik e the other keywords discussedn this documentthe ob-
sener'spositionwould bespeci edin theheadeby appending
thecharacters_OBS e.g.HEQXOBS, HEQYOBS, HEQZBS
In keepingwith WCS standardsthe valuesof thesekeywords
would bein metes.

9.2. Other Angular Units

It haslong beenstandardn FITS les thatangularmeasure-
mentsbe expressedn degrees(Wells et al. 1981; Calabretta
& Greisen2002). However, it is also commonin solar ob-
senations to express the coordinatesin arcsecondsfrom
disk center This possibility was presagedn Sec.7.2, where
helioprojectve-cartesiapseudo-anglesanbecalculatedrom
the FITS heademparametersvithout resortingto sphericalco-
ordinatecalculationswhichis notthe casefor helioprojectve-
radialcoordinatesThus,onlyfor thelimited casewvheretheco-
ordinateaxesareHPLN-TARNdHPLT-TANandwherethe co-
ordinatesareall relatively closeto theSun,it canbeappropriate
to expresghecoordinatesn unitsotherthandegreesAlthough
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Table 4. Alternateangularunits.

Unit String  Meaning Notes

deg degreeof arc =180radians
arcmin minuteof arc 1/60degree
arcsec secondf arc 1/3600degree
mas millisecondof arc  1/3600000degree
rad radian 180= degrees

strongly discouragedthe World CoordinateSystem(Greisen
& Calabretta2002)doesallow for this possibility throughthe
CUNITkeyword,which cantake onthevaluesgivenin Table4.

For example,if unitsof arcseconds desiredfor atwo dimen-
sionalimagearray thenthis couldbe speci ed by setting

CTYPE1 = 'HPLN-TAN'
CUNIT1 = 'arcsec '
CTYPE2 = 'HPLT-TAN'
CUNIT2 = 'arcsec '

Thisallowsfor compatibilitywith otherproposedtandardsor
solarimagedata,which have generallycalledfor coordinates
to beexpressedn arcseconddNotethatthevalueof the CUNIT
keyword only appliesto the keywordsCRVAIL.and CDELIT(or
CD_j). All otherangularkeywords,suchasLONPOLEROTA
etc.,mustbein degrees.

9.3. Celestial coordinates

Although the helioprojective coordinatesdescribedhere are
similar in mary waysto celestialcoordinatesthey have not
beende ned to be applicableto any otherbodiesthanthe Sun
andits atmosphereA solardatasetmayalsocontainotheras-
tronomical bodiesof interest,suchas sun-grazingcometsor
calibrationstars.Analysisof theseextra-solartargetswould be
aidedby including additionalcoordinateénformationin oneof
thetraditionalcelestialcoordinatesystemge.gR.A., Dec.)as
discussedn Calabretta& Greisen(2002).This is particularly
true when the solar coordinatesare expressedn arcseconds,
which may causetrouble for software usedby non-solaras-
tronomers.

10. Conclusions

We have presented standardizeadoordinatesystemfor solar
imagedatawhich is precise,rigorous,and comprehensie. It
builds on currentstandardsand extendsthem for the needs
of future missions.Both terrestrialand non-terrestrialview-
points are supported.By incorporatingthe emeging World
CoordinateSystemstandardcompatibility with future astron-
omy softwareis ensuredanda powerful level of e xibility is
achieved.Many currentFITS les areincorporatedasaspecial
subsebf thenew system.

The coordinatesystemsresentederehave the following
characteristics:

— Storyhurst and Carrington heliographic coordinatesare
de ned to be the samefor all obseners. Two obseners
with distinctly di erentperspecties,suchasthe STEREO
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spacecraftywould measurehe sameheliographiccoordi-
natedfor afeatureatr = R .

— Helioprojective coordinatesand the associatedheliocen-
tric systemsdiscussedhere, are obsenerspeci c. Two
obseners with di erentperspecties, such as STEREO,
would measurdi erentcoordinatedor the samefeature,
becaus®neaxisalwayspointstowardsthe obsener.

— ThekeywordsHGLNDBSHGLTOBSandDSUNDBSpecify
thepositionof theobsener.

— The keyword CARROTspeci es the Carrington rotation
number

We recommendthat new solar data be written using
the World CoordinateSystemformalismdiscussechere. The
simplest of the WCS-compliantcoordinate systemsis the
helioprojectie-cartesiarsystemin the TANprojection,andis
also the bestmatchto currentpracticefor mary obsenato-
ries.A simplewayto implementthis schemewhennorotation
needgo beapplied,is to set

CRPIX{ = (NAXIS$+ 1)=2

CRVALL= (pointingof centerof imagein arcseconds
CDELIT= (pixel spacingn arcseconds

CUNIT = 'arcsec '

CTYPE = 'HPLN-TAN'

CTYPE = 'HPLT-TAN'

Alternatively, the CRPIX valuescanrepresenthe position of
disk centerin theimage,andthenCRVAIL= 0.

Althoughthisproposatreatssolarimagesasasphericato-
ordinatesystemFITS les writtenin helioprojectie-cartesian
coordinatesvith the TANprojectionare compatiblewith older
non-WCSsoftware to a high degree of accurag. Also, les
usingthe older non-WCSsystemcan be treatedas beingim-
plicitly helioprojectve-cartesiamvith the TANprojection.

However, the sphericalcoordinatemapprojectioncapabil-
ities of the World CoordinateSystemo er a large amountof
e xibility in dealingwith datawhicharenotcastin straightfor
ward Cartesianterms.With the appropriatemap projections,
onecanhandlenot only images but alsosynopticmapsin the
heliographicsystemandmapsof the coronain radial distance
andpositionangle.
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Appendix A: Time

Although a completedescriptionof the speci cation of date
andtime in FITS les is beyond the scopeof this document,
we wish to bring the readers attentionto the revised speci -
cationfor datesin FITS les, which wasadoptedby the IAU
Fits Working Group (IAU-FWG) in November1997 (Hanisch
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etal. 2001). This appliesnot only to the keyword DATE-OBS
but all keywords startingwith the letters“DATE Suchkey-
words can take one of two forms. When only the dateis re-
quired, thesekeywords cantake the form “CCYY-MM-DD”,
where"CCYY” isthecenturyandyear(i.e.thefour-digit year),
“MM” is the two-digit month,and“DD” is the two-digit day-
of-month.For example,

DATE-OBS=2000-03-27"

The time can also be included, separatedrom the year by
the letter “T”". In that case,the date keywords take the form
“CCYY-MM-DDThh:mm:ss|[.sss..]", where*hh”, “mm”, and
“ss” are the hours, minutes, and secondsrespectiely, and
wherethe secondscan be expandedto an arbitrary fraction.
For example,

DATE-OBS=2000-03-27T22:01 :41.123

Unlessotherwisespeci ed, the datesand times are assumed
to be in CoordinatedJniversalTime (UTC) (exceptfor DATE
itself, whereno assumptiongremade).

Before the IAU-FWG adoptedthe aborve corvention, the
SOHOprojectadoptedasimilarcorvention,usingthe keyword
DATEOBSN placeof DATE-OB® avoid con ict with thepre-
vious standard Although the standardadoptecby SOHOand
later by the IAU-FWG are both ultimately basedupon ISO-
8601 (ISO 1988), the SOHO DATEOBSkeyword was based
upon a recommendatiorby the Consultatve Committeefor
SpaceDataSystemgCCSDS1990)which waslessrestrictive
thanwhatthe IAU-FWG nally adoptedThe SOHOkeyword
di ersfromthelAU-FWG speci cationin thefollowing ways:

— It allowed, andin factencouragedthe date-timestring to
endin the letter “Z” to indicatethe UTC time-zone.The
IAU-FWG decidedo notallow this.

— It allowed a variationwherethe day-of-yearwasgivenin-
steadof the monthandday, which wasalsonot allowed by
thelAU-FWG.

The SOHO project adoptedthe non-standardATEOBS
keyword to addressY2K issueswhich the FITS committees
hadnotyetaddressedindto allow for thespeci cationof time
aswell asdate.Now that the FITS standardaddresseshese
sameissues,one should considerthe SOHO DATEOBSkey-
word to be deprecatedh favor of the standardDATE-OBkey-
word. For backwardscompatibility, bothformsareacceptable,
but DATE-OBB to be preferred.
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